Introduction
Research on hydrodynamics in porous media has been an active area for many decades, having widespread application in many disciplinary areas such as chemical, civil, and metallurgical engineering. Continuing efforts have been made to understand the complex flow phenomena through packed beds such as liquid hysteresis. Currently, the focus is on the estimation of the local parameter variation at the microscopic scale because this information is directly related to column performance. The local variation of gas, liquid, or solid holdup in a packed bed provides not only a better understanding of these systems, thus permitting better design, but also improved numerical models. 1, 2 The conventional methods to measure the liquid holdups in packed beds, both static and dynamic, are drainage and tracer response. These are the well-accepted methods that have been used by many researchers for holdup estimation. [3] [4] [5] [6] [7] [8] [9] They provide the overall or global values of the static and dynamic liquid holdups but are unable to give local holdups. Also, these methods have many drawbacks, 3, 10 contributing toward the uncertainties in the measured values. Therefore, to attain more accurate results and the local value of liquid holdups in porous media many researchers have used visualization techniques such as neutron 11 and X-ray radiography, 12, 13 computed tomography, 14 gamma-ray tomography, 10 and nuclear magnetic resonance. 15 These techniques successfully provide quantification of flow parameters in porous media. Some of these have already been used for the liquid/solid holdup estimation in packed beds. 10, 14 X-ray visualization techniques have been used widely because of their relatively easy availability and cost effectiveness. Computer-assisted tomography 12 has been used to qualitatively study the liquid distribution in trickle beds. In other studies, 10, 14 the quantitative analysis of local liquid distribution in packed beds has been done. Gamma-ray tomography 10 has been used to quantify liquid holdup distribution in a packed bed. Radiological study of liquid holdup and flow distribution in packed gas-absorption columns has also been reported. 16 Recently, the saturation concentration field in a two-dimensional (2-D) thin-slab porous system using X-ray absorption technique has been studied by a few investigators. 17, 18 Most of the above investigators, who have studied the holdup/concentration using X-ray radiography, have ignored the errors associated with the polychromatic nature of X-ray and image-processing operations.
In this paper, we present a simple technique to measure the local liquid holdups in a packed column that largely overcomes these two problems. Using this technique, both static and dynamic local liquid holdups have been measured quantitatively. Values of the global liquid holdups (static and dynamic), obtained from the X-ray technique, have been compared with the values obtained by two conventional methods: drainage and tracer dynamics. After validation, this X-ray method has been used to study the liquid hysteresis phenomena.
Until now, the hydrodynamic behavior and physical interpretation of trickling beds have mostly relied on empirical correlations and the global observations made in the beds, although this averaging approach obscures localized behavior and loses many small-scale details that actually dominate system outcomes. Using visualization techniques many important observations on the flow behavior of liquid in trickling bed can be made. One of the less-understood phenomena in trickling beds is liquid holdup hysteresis, which has consequently attracted the attention of many researchers. [19] [20] [21] [22] [23] However, results obtained often conflict. For example, Christensen et al. 20 show larger liquid holdup with increasing liquid flow compared with decreasing flow, whereas Levec et al. 22 show the reverse trend. Some of the authors 19, 20, 22, 24 have also reported that liquid holdup depends on the bed history. Based on our visualized experimental results of packed bed in various conditions, a clearer picture of liquid hysteresis phenomena from qualitative and quantitative perspective is presented here. Results are presented that relate to liquid hysteresis phenomena at both local and global scales. Also, it is shown that both static and dynamic liquid holdups contribute toward the liquid hysteresis.
X-ray Absorption Principle and Calibration Theory
X-ray absorption is a nondestructive means of producing 2-D images that reveal the interior of an opaque object. These images provide a point array with each point assigned a gray level between 0 and 255 according to the transmitted X-ray intensity. The gray-scale intensity data from these images are related to X-ray attenuation by the specimen according to the Beer-Lambert law, which is described below.
Experiments have shown 25, 26 that the fractional decrease in the intensity of an X-ray beam passing through a specimen is related to its thickness, mass absorption coefficient, and density and is represented mathematically as (1) where I 0 and I are the intensities of incident and transmitted beams, respectively; (/) is the mass absorption coefficient for the material (m 2 /kg); is the density of the material (kg/m 3 ); and x is the path length of the X-ray beam (m). The mass absorption coefficient is a function of the wavelength and atomic number of the absorbing material. Therefore, absorption of X-rays is an exponential function of the atomic number and is much greater for the heavy atoms such as iodine, barium, and bromine than for the lighter ones such as carbon, hydrogen, and oxygen. 13 All the medical and industrial X-ray units are polychromatic in nature. Stenoscop, used during the present experiment, also emits polychromatic X-rays. Therefore, the absorption of polychromatic X-rays by a composite sample (having more than one chemical species) can be related to incident and transmitted intensities as 27
where the subscripts 1, 2, 3, . . . , n indicate the chemical species present in the sample; w is the respective weight fraction; / is the mass absorption coefficient of the respective chemical species; and 1 , 2 , 3 . . . represent wavelength distribution of polychromatic X-rays; I and I 0 are the intensities of transmitted and incident X-ray beams, respectively.
When using polychromatic X-rays, the calculation of mass absorption coefficient (of each species), which relates transmitted and incident intensity to path length, is not only very complicated but also less accurate. Published mass absorption coefficients are not yet accurate enough at most wavelengths. The main uncertainty is knowing the wavelength and corresponding X-ray intensities. 27 Moreover, the mass absorption coefficient of many of the chemical species is not yet known. Without knowledge of these parameters, the beam-hardening effect may be introduced, which further increases the complexity in quantitatively analyzing the images. Therefore, a simple calibration technique, discussed below, has been developed that addresses and overcomes all the above-mentioned difficulties, to a reasonable approximation.
Because the aqueous barium chloride solution, used in the present study as dopant, contains more than one chemical species, the Beer-Lambert law (Eq. 1) can be applied [25] [26] [27] in which the mass absorption coefficient can be expressed as
where i represents the wavelength distribution of polychromatic X-rays and w is the weight fraction. To overcome unavailability of wavelength distribution, we have used the same operating conditions for the calibration and liquid holdup and hysteresis experiments. It is assumed that this distribution remains identical as long as the operating conditions of the X-ray unit are the same. In Eq. 1 x is the path length of X-ray beams through which it gets absorbed. Also, it can be said that x is the thickness of the liquid through which the X-ray passes.
We consider first a packed bed made of a particulate material (beads) through which liquid is flowing. Scans of this system in various conditions using X-rays result in the expressions that follow. Assuming negligible absorption of X-rays by air then for an empty column the Beer-Lambert law gives ln͑I 1 /I 0 ͒ ϭ Ϫ 1 2x 1 ͑for empty column͒ (4) where I 1 and I 0 are the incident and transmitted intensities of X-ray beams, respectively. Similarly,
and
where 1 , 2 , and 3 are absorption coefficient of column's material, beads, and liquid, respectively; x 1 , x 2 , and x 3 are the path lengths of the X-ray through the column (twice), beads, and liquid, respectively. The absorption coefficient is different from the mass absorption coefficient. Using the above equations, I 1 and I 2 can be eliminated and the resulting equation can be written as
or
where
and x 1 and x 2 are constant throughout the experiment. However, the liquid thickness x 3 will not be constant throughout the packed bed. Therefore, from the X-ray image of the column filled with beads, one can obtain the gray-scale values that, in principle, will be constant in all the experiments. Therefore, I Ј 0 in terms of gray level is known. If liquid is flowing through the packing, then I 3 is required for the various path lengths x 3 (thickness) of the liquid. Therefore, according to the theory (Eq. 8), a plot of ln IЈ 0 Ϫ ln I 3 against path length (x 3 ) will give a straight line, with the slope providing the value of absorption coefficient of the composite substance. In practice, it has been observed by many researchers 28-30 that a curve between ln IЈ 0 Ϫ ln I 3 against path length deviates from linearity after some path length, a phenomenon that is explained by the beam-hardening effect. However, this effect can be minimized by adopting proper methods such as hardware filtering, 31 linearization method, 32 and dual energy. 31, 33 In the present study hardware filtering (3 mm Al equivalent) and low concentration solution have been used to minimize the beam-hardening effect. Preparation of the calibration graph is discussed below. 
Calibration Graph
The holdup calibration graph relates the amount or volume of liquid trapped in the bed under dynamic and static conditions with the intensity in the X-ray images of a packed bed arising from change in path length.
The calibration is done experimentally using a prism made from Perspex ® (trade name in the United Kingdom for polymethyl methacrylate), which permits a different X-ray path length through barium chloride solution to be conveniently and accurately implemented. The arrangement is shown in Figure  1 . Because the prism is made of Perspex ® , the same material and thickness as the packed bed, the experiment directly calibrates the X-ray intensity and the amount of barium chloride ( Figure 1 ). The parameters, which can change the nature of the calibration curve, are the concentration of barium chloride and the current and voltage at which the X-ray machine is used. Consequently, calibration is done using a barium chloride solution concentration equivalent to that used in the column holdup experiments, and using the same operating current and voltages. A fresh calibration graph was prepared for each of the holdup experiments. More details about the preparation of calibration graph in various other conditions have been described elsewhere. 34 
Experimental Plan Setup
A schematic diagram of a 2-D apparatus used in the experiments is shown in Figure 2 . The apparatus, made from a Perspex ® sheet (10-mm-thick), had dimensions of 750 ϫ 170 ϫ 60 mm [height ϫ width ϫ thickness (depth)]. A stainless steel screen having a 2-mm aperture at the bottom supported the bed materials. Below the stainless screen a liquid collecting box was attached to collect the liquid.
For X-ray visualization, a low-concentration solution of aqueous barium chloride was used. The solution was supplied from a constant overhead tank to the rotameters as shown in Figure 2 . Each rotameter had a maximum flow rate of 0.1 liters per minute (lpm). The rotameters were equally spaced at 24-mm intervals. Liquid was collected in separate drainage boxes at the bottom of the packed bed.
Materials
Spherical expanded polystyrene beads (diameter: 3.77 Ϯ 0.5 mm) were used as the packing material. These particles are not wetted by aqueous barium chloride solution. Expanded polystyrene was chosen as the packing material because it is made of low atomic number elements and has a very low density of about 25 kg/m 3 and thus absorbs almost no X-rays, thus allowing a good contrast between the liquid and packing material. The liquid was barium chloride in water solution, having a concentration of 0.096 g BaCl 2 /mL of water and a solution density of 1120 kg/m 3 .
X-ray machine and absorption imaging system
Stenoscop 9000 is a mobile medical X-ray unit equipped with a C-arm, on which an image intensifier and X-ray source are mounted. Stenoscop provides flexible movements of the X-ray source and detector that make it easy to obtain required views. The distance between the X-ray source and the image intensifier is approximately 706 mm and the arc depth is 584 mm and both are constant. The X-ray system enables operation in one of several modes: standard radiography, high-resolution fluoroscopy, pulsed fluoroscopy, and standard fluoroscopy. Up to 50 min of continuous X-ray emission in the fluoroscopy mode allowed collection of the high-quality, distortion-free images. In the fluoroscopy mode, the unit can be used at various combinations of voltage (ranging from 40 to 110 kV) and current (ranging from 0.1 to 6 mA). The unit has dual focus, small (0.5 mm) and large (1.8 mm), fixed anode (model HD281) X-ray tube with mask collimators. It has 3-mm Al equivalent filtering. The unit can be operated either in automatic brightness control (ABC) or manual mode. This unit was used in standard fluoroscopy and manual mode during all the experiments. The Stenoscop has a 22-cm image intensifier, equipped with a Sony charged coupled device (CCD) camera with high signal-to-noise ratio to achieve an excellent quality of images. The image intensifier has a maximum resolution of 58 lp/cm and contrast ratio 21:1. The CCD camera gives 752 ϫ 582 pixel sensor matrix with 525/625 lines scanning at 50/60 Hz.
The X-ray absorption imaging system is shown schematically in Figure 3 . X-rays emitted from the source are made to pass through the test sample by putting the test rig in between the C-arm (that is, between the X-ray source and the image intensifier). The transmitted X-ray intensity is a function of the contents of the test sample integrated over its thickness. The intensity is converted into digital signals through the CCD camera and is recorded onto a video cassette using a videocassette recorder. The movie thus recorded is digitized into snapshots/frames using Dazzle hardware and Movie Star software.
These snapshots, which are the still images of the test sample, can be analyzed to explore the intensity variations occurring in the test sample. The intensity of the snapshots was measured using the IMREAD function of MATLAB software. To obtain the full image of the bed, ten snapshots [each having the dimensions of 5 ϫ 17 cm (height ϫ width)] of the bed were joined together manually. A scale was placed adjacent to the bed when it was being imaged by X-rays during the experiment, which facilitates the joining process of the images accurately and ensures pixel continuity. Fifty frames of each section were averaged. Figure 2 shows a schematic of the experimental setup. All the experiments were done under dry bed conditions. The dry apparatus was filled up with dry expanded polystyrene beads to a height of 50 cm. Packing was random. The X-ray unit was switched on. The unit was set to standard fluoroscopy and manual modes. Operating conditions of the X-ray unit were set to a voltage of 45 kV and current of 0.5 mA. These parameters were selected because they give a good quality image at a good level of detail. The X-ray unit was left on under these conditions for about 15 min so that it would stabilize. The bed was scanned from top to bottom to get the full X-ray image of the bed. The frames/movie, corresponding to the empty bed ϩ beads, was thus recorded onto the videocassette. The video recorder and X-ray emission were turned off. A solution of barium chloride in deionized distilled water (concentration 0.096 g BaCl 2 /mL) was introduced from the top of the bed through seven rotameters at a desired flow rate. The flow rate was monitored regularly. This condition was maintained for 30 min to reach the steady state. The video recorder and X-ray emission were switched on again. X-ray of the bed was taken again as described above. The video recorder and X-ray emission were switched off. The liquid flow through rotameters at the top of the bed was stopped and, simultaneously, collection of the liquid at the bottom of the bed was started. The collection of liquid was continued for 45 min to ensure that the entire dynamic liquid holdup has drained. The video recorder and X-ray were switched on once again and images of the bed in this condition were recorded as described above. To determine the static holdup by a conventional (drainage) method, the bed was washed thoroughly with a known amount of deionized distilled water and the washed liquid was collected for 45 min. Static holdup can be calculated using the mass balance approach after analyzing the tracer concentration in the washed liquid. 35 At the end of each experiment, the Perspex ® column and beads were washed thoroughly and then dried before starting another experiment.
Experimental Procedure Liquid holdup
To determine the total liquid holdup using the tracer technique, the same experimental setup was used as for the X-ray experiments. Deionized distilled water was introduced into the bed through all seven rotameters at 0.025 lpm flow rate (that is, total liquid flow rate through the bed was 0.175 lpm). The bed was left in this condition for about 30 min to reach steady state. An aqueous BaCl 2 solution of 0.096 g BaCl 2 /mL of water concentration was used as a tracer. A 0.025 lpm step input of barium chloride solution was introduced into the bed through the center inlet point at time t ϭ 0. Immediately a stopwatch was started and for various time intervals liquid was collected continuously at the bottom of the packed bed in small beakers while regularly monitoring the solution concentration using a conductivity probe. A conductivity meter (304 type) and a glass dip conductivity cell (supplied by Systronics Ltd., India) were used for this purpose. Liquid was continuously stirred in the beakers for uniformity. The collection of liquid was continued until the concentration became constant. These conductivity values were converted to respective concentration data that can be used to calculate the total liquid holdup. 35, 36 Tracer response and X-ray experiments were done for three (total) liquid flow rates of 0.175, 0.35, and 0.49 lpm. All the experiments were repeated.
Liquid hysteresis
For liquid hysteresis experiments the same bed, tracer, and packing material were used as in the liquid holdup experiments. The tracer was introduced at the top of the bed through a series of seven rotameters. A flow rate of 0.02 lpm was maintained in all the rotameters. The equipment was left in this position for 15 min to reach the steady state. An X-ray image of the bed with steady tracer flow was captured. After finishing the X-ray scanning of the bed, the liquid flow rate was increased to 0.04 lpm through each rotameter. The above-mentioned procedure was repeated again. Similarly, the X-ray scanning of the bed was done for 0.06 and 0.08 lpm flow rates in increasing order without disturbing the bed packing. Once the X-ray scanning was over at 0.08 lpm, the flow rate was decreased to 0.06 lpm through each rotameter. The bed was scanned again after reaching the steady state with respect to liquid flow. The same procedure was repeated for other decreasing liquid flow rates (that is, 0.04 and 0.02 lpm).
The analysis of X-ray images obtained from the abovementioned procedure give total liquid holdup only. To obtain static liquid holdup a separate experiment was performed. In this experiment, first the steady state of liquid flow was achieved at 0.02 lpm and an X-ray image was taken for the whole bed. Flow was stopped to determine the dynamic holdup by collecting the liquid at the bottom for 30 min. Again the bed was scanned with X-ray to determine the static holdup. After that flow was returned again to 0.02 lpm and the apparatus remained in this condition for 15 min. Then the flow rate was increased in steps from 0.02 to 0.08 lpm with an increment of 0.02, as was done for the hysteresis experiment, and the measuring procedure repeated. At each step 15 min were given to stabilize the flow in the packed bed. In the same way the liquid flow rate was decreased incrementally to 0.02 lpm. At this flow (0.02 lpm), after maintaining the steady state, an X-ray image of the whole bed was taken. Liquid flow rate was stopped and the dynamic liquid holdup from the bed was collected at the bottom of the bed for 30 min. Again the bed was scanned with X-ray.
Processing of Recorded Image
For the three conditions described in the experimental procedure above, three images-bed image (apparatus ϩ beads) (Figure 4a ), flow image (apparatus ϩ beads ϩ flowing liquid) (Figure 4b) , and static image (apparatus ϩ beads ϩ static liquid) (Figure 4c )-were obtained. These images have been used to obtain the local static, dynamic, and total (global) estimation of liquid holdups. Figure 4 shows the X-ray images of the packed bed under different experimental conditions. The dark regions in the images 4b and 4c show the presence of aqueous barium chloride tracer. Total holdup was obtained from images 4a and 4b, static holdup from the images 4a and 4c, and the dynamic holdup from the images 4b and 4c. A packed bed image without flow (Figure 4a ) was used as the base image to detect liquid holdup from the other images, as discussed in the sections on X-ray absorption theory and calibration. The presence of beads cannot be seen in the image of the empty bed (Figure 4a ) because the X-ray absorption through them was negligible. Because the liquid flow rates used during the experiments were very low, the flow rate did not affect the bed structure despite the very low density of the beads.
Local holdup
From the images illustrated in Figure 4 , the packed region of the bed was analyzed as follows. Images were read by MAT-LAB using the IMREAD function, which reads the gray-scale intensity corresponding to the pixels in the images. Thus these images are arrays of the pixels in two dimensions, ranging from i ϭ 1 to m, in the x-direction and j ϭ 1 to n in the y-direction for a 2-D Cartesian coordinate system. The intensity arrays may be represented by I B , I F , and I S , respectively, for the bed, flow, and static images. (12) Values of the total holdup obtained using Eq. 12 and by the addition of Eqs. 10 and 11 were found to be the same.
Global holdups
X-ray Method. The following method is used to evaluate the global holdup by X-ray technique.
Arrays I B , I F , and I S are obtained in similar way as for the local holdup. Natural logarithms of gray values of each pixel in I B , I F , and I S images are taken and summed. Thus the global dynamic holdup h d can be given as (in percentage) (13) where m and n are image dimensions in terms of pixels. The numerator of Eq. 13 represents the total dynamic holdup volume in the bed under flowing conditions and the denominator represents the total bed volume.
Similarly, the global static and total holdups can be calculated.
Drainage Method and Tracer Dynamic Technique. The drainage method has been used widely in the literature to determine global dynamic and static liquid holdups, whereas the tracer dynamic technique has been used to determine global total liquid holdup. Details of these methods can be found in relevant studies reported in the literature. 4, [35] [36] [37] Both methods have been used in the present study in determining dynamic, static, and total holdups. tatively, in terms of intensity, the variation in liquid holdups matches very well with the corresponding X-ray at 0.175 lpm (Figure 4b ). Quantitatively, it was found that in some pockets of the packed bed, maximum local static, dynamic, and total holdups were 22.58, 27.27, and 32.02% of the local pixel volume, respectively. The percentage local liquid holdup is given in terms of local pixel volume because the size of pixel, in physical dimensions (0.757 ϫ 0.757 ϫ thickness of apparatus in mm), is known. Figure 7 shows a bar diagram to provide a picture of the local variation of different types of liquid holdup (with pixels). Figure 7 shows that majority of the pixels have local holdup between 0 and 5%, but some pixels are higher, from 5 to 27%. These high liquid holdups in a packed bed reactor application may contribute significantly toward the heat and mass transfer. This technique clearly demonstrates localized flooding in packed beds. Similar results were found for the other liquid flow rates (that is, at 0.35 and 0.49 lpm).
Results and Discussion

Liquid holdup
Validation of technique
Global liquid holdup results, obtained by the X-ray technique, have been compared with the results obtained by two conventional methods: drainage (dynamic and static holdup) and tracer response (total holdup). Because the conventional techniques can give only global liquid holdups, local liquid holdups cannot be compared. Table 1 shows a comparison of global static, dynamic, and total holdups, obtained by X-ray and drainage techniques at 0.35 lpm liquid flow rate. There is some discrepancy between the replicate experiments, but this may be expected because of stochastic differences in the packing between experiments. Table 2 shows a comparison between the total liquid holdup obtained by all three methods. The methods give broadly similar results, although there are some systematic discrepancies, which are discussed below.
The conventional methods always give slightly higher values for all types of liquid holdups (Table 1, Table 2 , and the bottom two rows of Table 3 ). This is also apparent in Figure 8 , which shows holdups obtained by both the drainage method and X-ray at various liquid flow rates.
The drainage technique involves cutting off the liquid supply to the bed, and a simultaneous start of liquid collection at the bottom of the bed. Even a small time mismatch between these two events may lead to significantly incorrect results. Added tracers present in the outlet tubes, tracer losses arising from dilution (which is done to decrease the concentration limit for analysis by different techniques), and tracer lost during estimation constitute a few of the major drawbacks of the drainage technique. The tracer introduced in the tracer dynamics technique may not have access to all the fluid in the packed bed, which would again lead to wrong holdup estimation. Residence time of the tracer estimated may be more or less the result of stagnation and channeling effects. All these factors may contribute toward inaccuracy in measuring the static and dynamic liquid holdups. 3, 10 On the other hand, the X-ray technique may be expected to give more accurate results because most of the conventional techniques errors are not present here. In the X-ray method, in particular, one can consider only that region of the bed that is packed, whereas this is not possible to do in conventional methods. This means conventional methods will always give higher values of liquid holdups than those obtained by the X-ray method.
Clearly the X-ray method is capable of giving all types of liquid holdups in a packed bed quantitatively and more accurately than those obtained by conventional methods if it is carefully done. There are many precautions that require attention during the X-ray experiments. The major errors associated with X-ray technique are described below in brief.
Errors associated with X-ray method
For the purpose of quantification care is necessary to minimize the errors that may be associated with either the experiments or the X-ray unit.
The position of the object between the detector and X-ray source is an important parameter because it affects the image size and thus the intensity. Similarly, point source emission of X-ray introduces significant errors in the results if the distance between the detector and source is large. This may be reduced by scanning a small area at a time using collimators. It can be eliminated if X-ray beams are parallel. In the present study its maximum contribution is Ͻ1%.
It is important to have a minimum number of image-processing operations in quantifying the results because these operations invariably introduce errors that can range from negligible to very significant. 15, 16 Another potential error is introduced through beam hardening that, as discussed earlier, can be reduced in various ways. Maintaining equivalent conditions during calibration and experiment, and keeping to low tracer concentration are necessary to minimize the errors. Figure 9 shows the X-ray images of the bed at various increasing liquid flow rates (images 9a to 9d) and decreasing liquid flow rates (images 9e to 9g). The figures show how the flow lines/rivulets develop in both the transverse and longitudinal directions as the liquid flow rate is increased. On a nonwetting packing, liquid flow can occur either in the form of rivulets, film flow, or droplets or in combination of any of these flows, depending on the liquid flow rate. Coalescence and breaking of rivulets/droplets occur while they are meandering down the packing. Near the liquid feeding points, the liquid flows as rivulets/droplets, which are continuously breaking up and reforming. The number of channels increases a slight distance away from the top portion of the bed where the liquid is fed into the bed, then remaining more or less constant as liquid travels down to the bottom of the bed. In some places, particularly near the bottom of the bed, coalescence of rivulets occurs thus reducing their numbers, which leads to an increase in their size (or volume) (see Figure 9a) . As the size/volume of rivulets/droplets increases the intensity of that portion of the bed diminishes (that is, it becomes darker). One can clearly see darker regions toward the bottom of the bed in Figure 9a . As such, dynamic holdup has dispersed more (high intensity, less dark) at the top of the bed and it has narrowed down near the bottom of the bed (less intensity, darker regions). There is some spreading and stochastic behavior and the liquid occupies a relatively small fraction of the total void space. On increasing the flow rate, rivulets grow both in size/volume and numbers, given that they can be clearly seen in these images (Figures 9a  to 9d ). This is contrary to what has been reported earlier. 20 This large spatial nonuniformity in holdup indicates, in mathematical modeling, that liquid flow should be treated as a discrete flow supporting modeling methods using this basis. 1, 38 When packing is highly nonwetting, the flow of liquid is dominated by rivulets/droplets rather than film formation.
Liquid hysteresis
As the liquid flow rate is increased, rivulets increase in size and begin to split in the top portion of the bed (that is, near the feeding point of liquid). This contributes toward an increase in both static and dynamic holdups. However, as the fluid flow rate is decreased from maximum this spreading is maintained rather than reverting back to a smaller number of channels, consistent with the same flow in increasing case (see images 9a and 9g). As the liquid flow rate continues to decrease, supply of the liquid to rivulets is reduced, causing them to flow like thin film or droplets. In another way rivulets become porous as explained by other researchers. 20 It is evident from these figures that as the flow decreases, rivulets maintain continuity in structure, although the volume of liquid inside them has been reduced. If the flow is further reduced a point is reached when the rivulets break and become discontinuous, there is an insufficient liquid supply to maintain them either in rivulet or film flow form (images 9d to 9g). In Figure 10 the total liquid holdup is plotted against the liquid flow rate showing the liquid hysteresis curve. Curve A is for increasing flow and curve B is for decreasing flow rate. From this plot it is apparent that the holdup in the decreasing case is always greater than the holdup in the increasing case at a particular liquid flow rate. These results are in accordance with the observation made by Levec et al., 22 but are contrary to those reported by Christensen et al. 20 The most probable reason is that the microwave technique used by Christensen et al. was not accurate enough to give the correct quantitative results. Reasons for the increase in liquid holdup at a decreasing flow rate are clear from images 9a (0.02 lpm, increasing flow rate) and 9g (0.02 lpm, decreasing liquid flow rate) in Figure 9 . The number of rivulets in the decreasing flow rate scenario are higher in both transverse and longitudinal directions. This leads to more dynamic and static liquid holdups resulting from increases in the liquid-solid surface area and contact zones besides the other factors discussed earlier.
To characterize the local hysteresis loops in the various regions of the bed at each liquid flow rate in increasing and decreasing conditions, the bed was divided into eight parts and corresponding hysteresis loops are shown in Figure 11 . The bed image in Figure 11 is at 0.08 lpm flow rate. It may be noted that, although the nature of hysteresis holdup pattern is identical for all the regions considered for analysis, the gap between the total holdups in different regions of the bed is not the same. For example, in bed regions 1 and 2 the total holdup is about 1.5 and 1% (for the increasing case), respectively. In the decreasing case it is about 3 and 2.5%, respectively. This can be attributed to the stochastic nature of the bed packing and also to the irregularities in the flow distribution. On a qualitative basis the holdups match very well with their respective images in the bed. Figure 12 shows the X-ray images of increasing and decreasing liquid flow rates at 0.02 lpm. To analyze the local static and dynamic liquid holdups quantitatively, images were divided into eight parts, as was done in Figure 11 . The results obtained are provided in Table 3 . Data are given in Table 3 . Table 3 provides a number of important insights. For example, for increasing flow both the static and dynamic holdups are higher near the top of the bed. Lower down both the holdups are decreased. This is in agreement qualitatively with the X-ray image in Figure 12 . This figure shows that most flowlines/ rivulets are observed in the top portion of the bed compared to the lower portion, resulting in an increase in the liquid-solid contact area in the top portion. The liquid spends more time in zone 1 than in zone 7 because of the more tortuous path it follows in zone 1. The result is higher static and dynamic holdups in zone 1 of the bed. An alternate description is that greater dispersion occurs in the top portion of the bed. Table 3 shows that for the decreasing flow both the static and dynamic holdup values have increased, although they are much less prominent than for the increasing flow rate. One of the reasons is that the number of rivulets is maintained in the decreasing flow rate (see Figure 12) , which means the time spent by the liquid in each portion of the bed is roughly the same. As flow is reduced the bed retains most of the hydrodynamic and structural properties that were present at higher liquid flow rates. By contrast, for the increasing flow rate, the channel structure of the bed is being evolved. This demonstrates that bed history is very important in determining the liquid holdup, as has also been indicated by other researchers. 22, 24 Total holdup comes from the sum of both the static and dynamic holdups for both increasing and decreasing liquid flow rates.
Conclusions
An elegant calibration technique has been presented to quantify the local liquid holdup values in porous media. The technique uses a polychromatic X-ray source and low concentration of tracer to avoid beam hardening. Only one image processing operation is needed to process the images, obtained by X-ray imaging. Comparison of global liquid holdups results achieved using other conventional methods-drainage and tracer response-shows that the X-ray method may give better results.
This visualization/calibration technique has been used to study quantitatively the liquid hysteresis phenomena in a packed bed. It has been shown that as the liquid flow rate increases the formation of rivulets/droplets is increased both in size and numbers. However, when flow is reduced, the number of rivulets and the channels in which they flow are retained. Consequently, bed history plays an important role. Both static and dynamic liquid holdups contribute toward the hysteresis phenomena. The bed hysteresis phenomena have been demonstrated even at the local level within the packed bed and this has important consequences for the correct modeling of such systems.
